In response to this discovery, a research project was initiated with the following two objectives: (1) investigate the causes of the high indoor radon levels, and (2) evaluate various techniques that would reduce those levels. This paper summarizes the survey data and presents results on the first project objective, while two companion Distributed between these two regions were 61 new homes --some built to model energy conservation standards and others built with current construction practices; and Ill existing homes. Based on observed radon levels (see experimental section for measurement locations and times), diversity of construction type, and homeowner/occupant interest, a subset of 35 homes was selected for additional study .
Fifteen of these homes were determined to be suitable for experimental installations of radon control systems and continuous monitoring instrumentation and had homeowners willing to participate. These 15 were classified as "high concentration" homes with winter indoor levels averaging greater than 260 Bq m- 3 and a group geometric mean (GM) of 860 Bq m- 3 . * In this paper, radon refers only to the isotope 222 Rn. Thoron ( 220 Rn) was not measured. were either partially or exclusively slab-on-grade. None of the 15 had only a crawlspace. Perimeter basement walls were of poured concrete, except house ESP120* which had fieldstone and mortar walls and house NSP204 which had treated wood walls.
Ten homes had central forced-air electric furnaces located in a basement or crawlspace. One newer home with a forced-air furnace, NSP204, had been constructed with a central air-to-air heat exchanger in the crawlspace. Houses ESPIOI, ESP113, ESP 120, and EV A604 had baseboard electric heating systems. As far as could be determined, none of the houses had drain tile beneath or surrounding the foundation, nor any evidence of water entry into the basement. with a continuous radon monitor. In 13 of these 16 homes, follow-up measurements using continuous monitors were made for an additional two weeks.
In the subset of 35 houses, different measurements were made that depended on the availability of equipment and instrumentation, geographic distribution, and access to the houses. These measurements were conducted during the summer of 1985 \ (between June and September). Water samples were collected at 33 houses, 19 that had municipal water supplies and 14 that had private wells. Soil samples were collected at 5 27 of the 35 houses. Radon emanation rates from building materials were measured at 11 houses: nine that had measurements made on both walls and floors, and two that had only floor measurements. Indoor air concentrations were monitored during the summer at is houses from the subset.
Water samples were collected from an outside faucet that was not conditioned or filtered upstream. To avoid aeration of the sample, two one-liter polyethylene bottles were slowly filled with a short tube directed to the bottom of the container. Within three days of collection, the bottled samples were analyzed for radon concentration by gamma spectrometry by placing the bottles directly on a 20 by 10 em sodium iodide crystal. Measurements of radon-in-water had also been made at 16 of these houses during the previous winter and spring, using Terradex Type SW Track-Etch® alpha track cups placed on the bottoms of frequently-used toilet tanks.
As many as eight soil samples were collected from up to four locations at each of the 27 houses. A sliding hammer coring tool that collects "undisturbed" core samples 4.8 centimeter (em) in diameter and 15 em long in an aluminum sleeve was used for some samples. However, because much of the soil in eastern Washington and northern Idaho was rock-filled, many of the soil samples from that area had to be collected using a bucket auger. Sample depths ranged from 0.15 m to 1.8 m, but were typically from 0.5 to 0.8 m. These samples were then analyzed for emanating radium after being air-dried and placed in a sealed container with open charcoal adsorption canisters. The canister activity was then measured using gamma spectrometry.
"Emanating radium" is the radium concentration in the soil multiplied by the emanating fraction --that portion of radon that reaches pore spaces and is available for transport. At each of the 15 "high" houses, two pipe probes, 13 millimeter (mm) in outside diameter, were driven into the soil, following undersized pilot holes, to depths ranging from 1.0 to 1.5 m. These soil probes generally were located from one to seven meters in distance from the houses. Filtered soil gas grab samples were periodically collected from the soil probes into evacuated 100-cubic centimeter (cc) scintillation flasks. After the radon and its progeny reached radioactive equilibrium in three hours, the samples were analyzed for radon concentration on a portable photomuliplier tube counting
station.
An in situ soil air permeability measurement was performed once on the soil probes at each of the 14 "high" houses in eastern Washington and northern Idaho. to greater than 0.25 mh-1 ) and therefore will have high air permeabilities for soil gas movement. 19 Most recent work indicates that the pressure-driven flow of soil gas containing radon is the dominant mechanism for radon entry into the majority of homes with elevated radon concentrations.
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21 Therefore, our preliminary conclusion was that the highly permeable soils surrounding the house substructures in the Spokane River
Valley /Rathdrum Prairie greatly enhanced soil gas mobility and were the main factor causing the elevated indoor radon levels in these homes.
Visual inspection indicated that the soils were loosely packed and likely to be highly permeable. Permeability measurements made at 24 soil probes at the 14 "high" houses in eastern Washington/northern Idaho ranged from 10-13 to 10-10 m 2 with a GM of 5 x 10-11 m 2 and a GSD of 4.9. These data are typical of soils categorized as gravelly and sandy. 22 ...
The emanating radium concentrations of the soil samples collected at each house were averaged and are summarized in Table I Using the emanating radium concentrations, the maximum concentration of radon in soil gas, C 00 , can be calculated, assuming large depths typical of basement floors, using the equation:
where p, bulk soil density was taken to be 1.4 x 10 3 kg m-3 ; e, emanating radium concentration from measured samples (Bq kg-1 ); and, e, soil porosity was assumed to be 0.4 m 3 (air) per m 3 (soil). These data are also summarized in Table I where it is apparent there is little difference between the two groups of homes. For the "high" houses, C 00 ranged from 16,000 Bq m -3 to 31,000 Bq m -3 , and for the "low" houses from 18,000 Bq m-3 to 60,000 Bq m-3 .
Grab samples of soil gas from the soil probes were collected prior to the installation of any radon control equipment and were analyzed for radon concentrations. Average concentrations at 12 of the 15 "high" houses are shown in the last column of Table I . These measured concentrations are within 50% of the calculated maxima, C 00 , and also have a relatively small range: from a low mean of 10,000 Bq m-3 (ESP108C) to 25,000 Bq m-3 (ECD153). Measured concentrations may be lower than C 00 because: 1) radon in the soil gas at the soil probe depth ( 1.0 to 1.5 m) may be depleted due to diffusion to the soil surface; 2) for probes near the house, outside air is drawn into the soil by the depressurization or "pumping" action of the house that establishes a pressure gradient in the soil; or 3) the moisture content used in determining emanating radium concentrations, or the porosity and soil density used in calculating C 00 , do not correspond to actual field conditions.
Non-Soil Sources of Radon
To determine the approximate contribution of sources other than the soil to indoor radon levels, radon concentrations in the outdoor air and domestic water and radon emanation from building materials were measured. Table I , radon-in-water concentrations are compared for the "high" homes (GM of 21,000 Bq m-3 -water) and the "low" homes (19,000 Bq m- inaccuracies in the measurements with the alpha track cups; or a seasonal difference in actual radon-in-water concentrations --the alpha track cups were exposed in winter and spring and the grab samples were collected in summer.
Building Materials. The maximum emanation rates for the floors and walls of e.ach house were averaged and are presented in Table I Using the available data collected on the various sources of radon, we estimated the contribution to the winter season indoor radon levels for the 15 "high" homes. These estimates are presented in The relationship for a particular house depends on the house ventilation rate, building volume, water usage, and the device-dependent release rate of radon from the water. The air-to:...water ratio of 1 to 10,000 was used to estimate the contribution of water sources to indoor air radon levels in 13 of the 15 "high" homes. The estimates shown in column eight of Table II are always les.s than 11 Bq m-3 -air (in house ECD027 where radon-in-water concentrations were 110,000 Bq m-3 -water) and are never a significant fraction of the measured indoor air levels. This is not surprising, since we saw in Table I that radon-in-water concentrations were similar for both "low"
and "high" homes. Only in one "low" level house, ECD146, could the water from a private well with a radon concentration of 300,000 Bq m-3 -water have accounted entirely for the indoor air radon concentrations of 37 Bq m-3 during the heating season.
To date, relatively few homes have been identified with indoor air radon problems resulting from building materials contaminated with radium. The notable exceptions have occurred in areas where high-radium mine wastes or slags were used as aggregates.
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To estimate the contribution from building materials in six of the "high" homes in this study, we used the following steady-state concentration model for a single, well-mixed zone with radon concentrations in outdoor assumed to be zero:
).
where: C = predicted, steady-state, indoor air concentration (Bq m - The results are shown in column seven of Table II . Once again, the contributions to the indoor air levels are very small as was suggested . by the comparable emanation rate data for "low" and "high" homes in Table I .
Based on this assessment, we conclude that the predominant source of radon for these "high" houses is the soil surrounding the building substructure. The amount of radon that is available for transport in the soil (emanating fraction) depends on soil moisture and the size distribution of soil grains. Once in the soil pore space, radon can move by diffusion, which is influenced by soil porosity, moisture content, and the concentration gradient; and by bulk flow of soil gas, which depends on soil air permeability and the applied pressure field. These factors are, in turn, affected by other environmental parameters including precipitation, air and soil temperatures, and wind speed; by house operating parameters such as indoor air temperature and mechanical systems operation; and by house structural characteristics such as air leakage area of the shell above and below grade. Of the two migration processes, convective flow of radon-bearing soil gas through cracks, penetrations, and open areas in the substructure surfaces has been found to be the most important entry mechanism for the majority of houses with elevated radon levels.
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The convective flow of soil gas containing radon is driven by a slight depressurization within the substructure relative to the surrounding soil. The persistent negative pressures in the substructure are caused, in part, by temperature differences between the warm indoor and the colder outdoor air that create a "stack effect" that "pumps" air and soil gas into the lower levels of the house and exhausts it near to the top. With other factors remaining constant, larger indoor-outdoor temperature differences (A. T) cause substructure pressures to be more negative relative to the soil: 15 Aggravating this depressurization are leaky forced-air furnace ducts and return air plenums in the substructure; exhaust fans in kitchens, bathrooms, and clothes dryers;
vented combustion devices (furnaces, fireplaces, and woodstoves); and wind interacting with the complex distribution of structural air leakage area.
Since the soil gas radon concentrations are not excessive and are comparable in the "low" and "high" homes, high indoor radon concentrations must require good coupling of the house to the soil, resulting from sufficient substructure leakage area and high soil air permeabilities. Sizable quantities of soil gas must be entering these buildings to account for the indoor radon concentrations observed during the winter season in the "high" homes. Soil gas entry rates for each of the 15 "high" homes were estimated from a steady-state mass balance: Contributions from water and building material emanation we~e neglected because they were negligible. Results are tabulated in column seven of Table II . The very high soil gas entry rates for some of the houses can be related to construction features of the substructures: ECD027 has a basement with a soil floor; NCD077, ESP 119, and NSP204
have basements plus adjoining crawlspaces with loosely fitting plastic over soil floors;
ESPlll has many webbing cracks in the slab floor; and ESP120 has foundation wall constructed of fieldstone and mortar. The soil gas entry rates for the other houses (except EVA604) are still higher than the 1 m 3 h-1 calculated by other researchers for houses in less permeable soils. AT of 34 oC.
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In column ten of Table II , we see that the soil gas entry may be a significant portion of the infiltrating ventilation air. For example, in house ESP120, with a building volume of 487 m 3 , the soil gas entry rate is approximately 21% ·of the infiltrating air. Additional evidence for the good coupling of the substructure to the soil at ESP 120 is that approximately 80% of the air exhausted from a subsurface ventilation radon control system originated in the basement. activities (e.g., window opening), lack of occupancy, ·or meteorological phenomena.
To help explain some of the variations in indoor radon levels, a radon source strength was calculated for each five-to nine-day period and compared with the average measured .6. T for the same period for the two control homes. Figure 4 shows a modest correlation between radon entry rate and .6. T that is due to the increased driving force caused by the increasing temperature difference. Radon source strengths were calculated for 12 other "high" homes during baseline conditions. Values ranged from 0.12 x 10 5 Bq h-1 (EVA604) to 13. x 10 5 Bq h-1 (ECD027).
In addition to the effects of indoor-outdoor temperature differences, the wind interaction with the structure also affects indoor radon concentrations. Figure 5 illustrates the clearest example of the dependence of indoor (main floor) radon levels on wind speed and indoor-outdoor temperature difference over a three week period at house ESP Ill. Typically, one expects that increased wind speed will lead to additional depressurization of the structure, driving both radon entry and ventilation rates. In this particular case, dramatic decreases in indoor radon levels were closely associated with increases in wind speed (Pearson correlation coefficient of approximately -0.8).
Since the house has only a moderate specific air leakage area, 4 cm 2 m-2 (where specific leakage area is defined as the measured air leakage area, cm 2 , normalized by the floor area, m 2 ), the factor of ten reduction in indoor radon does not appear to be due to increased ventilation. Instead, the increased wind speed may directly affect the radon entry rate by ventilating the soil surrounding the house. 33 12 o. 18 ....
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